The effect of tangential torque on the stability of a rotor supported by various hydrodynamic journal bearings is investigated by the free vibration and transient response analyses. It is shown that the stability region of the rotational speed is bounded by both upper and lower rotational speeds. The parametric study of this investigation has been carried out in terms of the dimensionless bearing characteristics, shaft flexibility and tangential torque. It is shown that the use of hydrodynamic journal bearing can eliminate the instability due to tangential torque except for the case of light bearing loads and high shaft flexibilities.
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INTRODUCTION
The high-performance turbo-machinery mostly runs on hydrodynamic bearings because of their good damping characteristics. Due to the non-symmetric spring characteristics of the journal bearings, the rotor-bearing systems become unstable at a speed limit above which non-synchronous self-exciting vibrations are induced. This stability limit is influenced by bearing design parameters, rotor flexibilities, dynamic characteristics of seals, and gyroscopic moments of discs. It is also affected by lateral periodic or non-periodic forces resulting from the blade tip clearance excitation or magnetic field. These influences have been carefully investigated by numerous authors (Glienicke et al., 1980; Han, 1979; Glinicke, 1972; Dietzen and Nordmann, 1975; Gasch and Pfiitzner, 1975) .
In other studies (Vance, 1978; Shieh, 1982) , the applied torque on flexible rotors was modeled as a follower torque tangent to the deformed axis of the rotor. It is shown that the undamped flexible rotors always exhibit the flutter-type instability under tangential torque. In a damped system, the torque was also found to induce whirling, if the ratio of torque to damping is considerably high (Yim et al., 1986) .
In this study, we investigate the stability of a rotor supported by various hydrodynamic bearings using the free vibration and transient response analyses. The rotor in consideration is subjected to followertype non-conservative tangential torque. For the static and dynamic characteristics of sliding bearings such as full journals, two-lobed and four-lobed bearings, the data presented in an earlier study (Glienicke et al., 1980) are utilized. To calculate the transient response of the rotor-bearing system, the fourth-order Runge-Kutta method is effectively used. Since this study is concerned with the effect of tangential torque on the stability behaviour of a rotor on various hydrodynamic turbine bearings, the rotor is assumed to be a one-mass flexible rotor. (i,k = 1,2) indicate the damping coefficients, c;k (i,k =1,2) the spring coefficients, and mig, the gravitational forces due to the rotor mass acting on each bearing. Eq. (5) can be extended to find equations for the reaction forces of both bearirngs and the results are given in a compact form:
The one-mass rotor is shown in Fig. 1 . A torque T is acting on the skewed rotor which is supported by sliding bearings. The influence coefficient method is utilized to derive the equations of motion. For where convenience, these equations are expressed in terms of a complex form w(z) = x + iy (i =) of the shaft deflection, complex eccentricities ei = xi +iyi (j = 1,2) of journals in bearings, and a complex slope angle 0 = Bx + iOy of the disc:
(1)
The equations of motion for the rotor can be cast into a compact form,
where
The bearing reaction forces Ri = Rxi + iRyi (j = 1, 2) in Fig. 1 can be given as Fig. 1 Freebody of the one-mass rotor system
CALCULATION OF STABILITY LIMIT
The stability of a rotor-bearing system may be examined through a free vibration analysis. Neglecting the external force {fex } in Eq.
(2), we obtain the expressions for the eccentricity of the journal in bearing
and for its time derivative
Substituting (7-8) into (6), (4), (2) in sequence yields the following developed equation of motion or in a short form,
where To obtain (3) or (4), the influence coefficient method was employed.
On the other hand, the reaction forces of hydrodynamic bearings are generally expressed in terms of the bearing static load and the spring and damping coefficients, which are linearized in the vicinity of the force equilibrium of the journal in the bearing. In a bearing, the total reaction forces in the horizontal (x) and vertical (y) directions can be expressed as
To find the eigensolution _ Co e, Eq. (9) may be written as The complex eigenvalues A. (k =1,• • •,12) are equal to the eigenvalues of matrix [H] and calculated numerically using the QRalgorithm (Press et al., 1986) , in which the given matrix is decomposed into the orthogonal matrix Q and the upper triangular matrix R, and then an iterative method is used in order to determine its eigenvalues.. When the real part of any eigenvalue is negative, the system may be considered to be unstable.
The spring and damping characteristics of hydrodynamic journal bearings depend on the bearing design parameters, bearing loads and journal rotating speeds. In the present study, we vary only the rotating speeds to determine the stability limit while all other parameters remain unchanged.
TRANSIENT RESPONSE ANALYSIS
The dynamic behaviour of the rotor-bearing system in the unstable speed region can be studied in detail by a transient response analysis. The equation of motion for this analysis is derived in the same way as in Eq. (9), but includes the bearing load and the excitation force due to the residual unbalance in the rotor. The resulting equation can be written in a compact form as
[H1]{c}+[H2]{t}+[H3]{^}+[H4]{^} = {F} (11)
{F}= {fa} + [ Db][ A ]-I {J X} + ([ B ] + {Cb})[ A ] 1 {.fex}
To perform numerical time integration, Eq. (11) is recast into a set of first-order differential equations : Throughout the present study, the fourth-order Runge-Kutta formula is used for the numerical calculation.
STABILITY OF ROTOR-BEARING SYSTEM
Hydrodynamic bearings hold relatively high damping performance, but above a speed limit, they introduce a whirl instability to the rotor system because of their non-symmetric coupled spring characteristics. This stability limit is mainly determined by the bearing bore shape, radial force and rotor flexibility. The tangential torque acting on the rotor may give an additional influence on the stability behaviour. From another point of view, the damping characteristics of fluid film bearings may reduce the inherent instability of rotors subjected to tangential follower torque.
To obtain the generalized and systematic results of this investigation, the use of dimensionless characteristic parameters is meaningful and Eqs. (1) through (6) may be nondimensionalized using the characteristic variables of shafts and bearings. The important nondimensional parameters, besides torque Ti /EI and critical speed wk , are the relative flexibility µ = S / AR of shaft, and the dimensionless static load Sok = m^g(ziR / R)2 / (BDrJw,,) on bearings. This dimensionless bearing load, which depends on the journal ecc-entricity in the bearing, can be obtained from the numerical analysis of a dimensionless Reynold's equation for hydrodynamic bearings. The linearized dimensionless spring coefficients y,, (i,k=1,2) and damping coefficients /3 (i,k=1,2) of a bearing can be similarly obtained from the perturbation method or the experimental investigations (Glienicke et al., 1980; Han, 1979; Glienicke, 1972) .
For the spring and damping coefficients c;,,, da of Eq. (5), the dimensionless data y,, /j,, from Glienicke et al. (1980) were used and transformed adequately to the coordinate system used in Fig. 1 Figure 2 shows the hydrodynamic bearings which are generally used in turbo-machinery. Among them the cylindrical bearing has the highest load carrying capacity and the 4-lobed bearing has the highest stability limit speed.
Since the stiffness and damping coefficients of the bearings vary with the rotating speed of journals, the vibration analysis should be performed for each speed condition. Thus the eigenvalues A = -u/w,, + iv/cu,, depend on the rotational speed w/mk as shown in Fig. 3 . The rotor system used in this analysis has six eigenvalues because of the skewness of the disk, coupling of shaft and bearing stiffness, and the anisotropy of the bearing stiffness in the horizontal and vertical directions.
The shaft flexibility µ = S/dR of the rotor system is taken to be 1, and the dimensionless bearing load So,, = m^g(iR / R) 2 / (BDTJ [ok ) is 0.05. The tangential torque acting on the rotor in this case is assumed to be zero.
As seen in Fig. 3 , Curve 3 for the system damping factor (u/m,, ) associated with Curve 3 for the natural frequency (v/o ,t ) tends to decrease with the increasing rotational speed co/W,, and becomes negative at the stability limit to t;,,, /[u, =1.8 , above which the amplitude may increase rapidly.
To investigate the effect of tangential follower torque on the shift of this stability limit, the free vibration analysis was repeated with the increasing dimensionless torque TI /El. The results show: 1) the upper stability limit speed decreases only slightly, 2) the sign of the system damping factor changes from positive to negative as the rotating speed co/w,, decreases around a turning point marked by a circle in Fig.4 . This turning point can be defined as the lower stability limit speed of a rotor system subjected to the tangential follower torque. Figure 4 shows the specific results when the exerted torque Ti 1EI is 0.11.
The natural frequency v/[u,, at the lower stability limit is 16 (Curve 5), while the natural frequency at the upper stability limit is 0.80 (Curve 3). It appears that the inherent unstability of the rotor system with tangential follower torque is stabilized through the damping effect of the hydrodynamic bearings. The negative system damping factor indicated by Curve 5 in Fig. 4 can be regarded as the cause for the residual instability because of the low damping effect of the bearing at the low speed range. To investigate the dynamic behavior of the system in the unstable region, a transient response analysis for the system should be helpful. We use the same bearing and rotor parameters and the same torque used to plot Fig. 4 , to obtain the transient response. Figure 5 illustrates the orbits of journal centers in the bearing, which are obtained in the lower unstable region (w / 03 k = 0.12), in the vicinity of the damped natural frequency region (Co / 03k = 0.7, 1.0) and in the upper unstable region (w / c0k = 1.9), respectively. An interesting result is the divergence of the superharmonic oscillations of the journal orbit, shown in Fig. 5(a) , at the speed in the lower unstable region, in which the journal oscillation frequency is the same as the natural frequency of the rotor system. This divergence appears to be an inherent instability of the rotor system under tangential torque. The superharmonic unstable oscillations may occur during acceleration of a fast light turbo-machine with a slender shaft, such as an Auxiliary Power Unit for heavy duty vehicles, or a pump mounted on a long shaft. It is also noted that the divergence of the subharmonic oscillations in the journal orbit, shown in Fig. 5(d) , in the upper unstable region is often called the "oil whirl." Figure 6 shows the stability chart of the symmetric one-mass rotor supported by the hydrodynamic journal bearings described in Fig. 2 . These stability charts can be obtained by plotting the stability limit (as shown in Fig. 4 ) calculated for the variation in dimensionless load capacity Sok , relative shaft-flexibility u, and the dimensionless torque TI /El. The dotted lines indicate the upper stability limit for various bearing load capacities Sok (= p(AR /R) /(i7cok )) and rotor flexibilities t(= 8/AR). The plain lines indicate the lower stability limit for various bearing load capacities So k and different dimensionless tangential torques TI /El. According to the stability charts, it is observed that the tangential torque has a significant influence on the stability of the rotor bearing system in the region of the low load capacity Sok < 0.1 and the high relative flexibility µ > 1/4. In practice, lighter rotors produce smaller dimensionless bearing loads (Sok ) and slender shafts generate greater dimensionless torques (Ti /El). As the bearing clearances become smaller, the bearing loads (So,,) and the shaft deflections (µ = S / AR) become larger.
If we compare the stability behavior of the rotor systems with the three types of hydrodynamic bearings, the tangential torque significantly lowers the stability limit in the rotor system with cylindrical bearings. In case of two-lobed or four-lobed bearings, however, the stability regions due to the tangential torque are less reduced than that of the cylindrical bearings case.
As a result of this investigation, it can be concluded that the instability due to the tangential follower torque on rotor systems can be substantially alleviated when hydrodynamic bearings are used. 
CONCLUSIONS
The instability of flexible rotors supported by hydrodynamic journal bearings depends on tangential follower torques, bearing bore shapes, operating conditions and rotor flexibilities. The free vibration analysis has shown that, in addition to the well known oil-whirl instability threshold, another stability limit is present in the lower rotational speed range when tangential torque is applied to the rotor. By the transient response analysis, it is shown that the tangential torque induces superharmonic unstable oscillations which have the same natural frequency as obtained by the free vibration analysis of the rotor-bearing system.
An investigation was performed to understand the effect of tangential follower torque on the stability of rotor systems. Specifically, rotors with various hydrodynamic turbine bearings were examined in which a simplified one-mass rotor model was employed. The dimensionless characteristics of fluid film bearings and the relative flexibility of the massless shaft were varied to fmd the stability limit.
The instability due to tangential torque could be suppressed when hydrodynamic journal bearings were used except in the range of light bearing load capacies Sok < 0.1 and high shaft flexibilities µ > 1/4. Among all the hydrodynamic bearings under consideration, the multilobed hydrodynamic bearings offered the most stable state, which is attributed to their inherent characteristics.
